Transformer design optimization methods presented in the literature rarely yield solutions directly applicable in production; the design engineer usually needs to convert the theoretical solution to a practical one. This problem is addressed in this paper, and a discrete transformer design optimization method is proposed that yields solutions with commercially available or productionally feasible dimensions, thus eliminating the need for further efforts of the design engineer to make the theoretical solution a feasible one. The cuckoo search, a nature-inspired metaheuristic algorithm, is used as the optimization algorithm in this study, and it is shown that the guaranteed global optimum solution is attained in a single run. Furthermore, a simple method is proposed to reduce the number of objective function and constraint calculations. The method is based on skipping calculations for design vectors recurring during the search process by use a caching technique. It is envisaged that the use of the proposed method will make a significant contribution to the streamlining of the quotation and design processes in the transformer industry as well as standardization of production materials.
Introduction
Transformers are the most important and costly components of electrical transmission and distribution (T&D) networks. About 7.4% of global power production was lost in T&D networks in 2011, typically shared equally between power lines and transformers, and the estimated value of these losses is 186.3 billion USD. The losses that occurred in distribution transformers in the same year is estimated to 657 TWh of electrical energy per annum, and it is projected that 402 TWh can be saved annually by 2030 with the adoption of higher-efficiency distribution transformers [1] .
Due to the significant savings potential, many economies in the world have recently adopted energyefficiency requirements or incentive programs mandating or promoting the use of energy-efficient transformers to reduce losses in their T&D networks. On the other hand, increases in transformer efficiency are subject to increases in transformer weight and size, sometimes as much as 50% or more. The transformer manufacturing industry is thus faced with the challenge to develop the indisputably best (optimum) designs since, in today's highly competitive market environment, it will be too difficult to expect their customers to fully compensate for the inevitable increase in material costs.
Transformer design optimization (TDO) is defined in the literature as a mixed-integer nonlinear programming problem having complex and discontinuous objective functions and constraints, with the objective of the detailed calculation of the characteristics of a transformer based on national and/or international standards and transformer user requirements, using available materials and manufacturing processes, to minimize manufacturing cost or total owning cost (TOC), while maximizing operating performance [2, 3] .
There are several types of objective functions defined in the literature for TDO, but the most commonly used ones are given below. A detailed description of the objective function types can be found in Chapter 2 of [2] .
• Minimization of transformer manufacturing cost; that is, total material cost, labor cost, and the manufacturing overhead.
• Minimization of total owning cost (TOC), which can be defined as the life cycle costs associated with purchasing and operating a transformer, calculated as the sum of purchase price and annualized cost of losses in present value terms.
Transformers and transformer design optimization are two areas that have been extensively studied in the literature, for which bibliographical surveys and general backgrounds of research and developments can be found in review papers [4] [5] [6] [7] [8] [9] .
The remainder of this paper is organized as follows: Section 2 presents the need for discrete TDO (DTDO) and the relevant literature. Section 3 describes the mathematical formulation of the DTDO problem and provides a brief theoretical background for the proposed method comprising the cuckoo search optimization algorithm and the caching technique. Section 4 presents the results of the application of the proposed method to three different distribution transformer ratings. Finally, Section 5 concludes this paper.
Discrete transformer design optimization (DTDO)
In many real-world engineering design optimization problems, design variables cannot have arbitrary or continuous values. Instead, some or even all of the design variables must be chosen from a set of discrete or integer values for practical reasons. For example, the diameters of a pipe, thickness of a structural member, or size of a screw are discrete design variables since they may have to be selected from commercially available or standard sizes. Also, many other design variables such as the number of bolts, number of teeth of a gear, or number of coils of a spring must be integers. This is valid for the TDO problem as well; for instance, winding conductors must be selected from commercially available sizes, core material must be slit to certain widths, etc.
The TDO methods presented in the literature rarely yield solutions directly applicable in production; the design engineer usually needs to spend additional efforts to convert the theoretical solution to a practically feasible one.
One method to tackle this problem, which is still being used by major players in the transformer industry, is to use a two-step optimization process. In the first theoretical design optimization step, feasible design requirement is relaxed and consequently several good theoretical designs are obtained. In the second feasible design optimization step, one good theoretical design is selected as the base to narrow the range of a few design variables to their selected good theoretical design counterparts, and an exhaustive search is made in the space defined by these ranges with standard material dimensions.
The above problem is addressed in this paper, and a DTDO method is proposed that yields solutions with commercially available or productionally feasible dimensions, thus eliminating the need for further efforts of the design engineer to make the theoretical solution a feasible one.
A brief overview of the TDO literature in which the use of discrete design variables is explicitly indicated is given in the following:
In most of the literature where discrete design variables are used, this is done in conjunction with the use of the multiple design method, which is a heuristic technique that assigns many alternative values to the design variables so as to generate a large number of alternative designs and finally to select the design that satisfies all the problem constraints with minimum manufacturing cost [2] . Examples of such literature are [2, 3, [10] [11] [12] .
Azizian et al. [13] used the genetic algorithm, artificial bee colony, and particle swarm optimization algorithms to optimize cast-resin dry-type transformers using 18 design variables, all of them being discrete.
In their paper, Zhang et al. [14] employed an improved adaptive genetic algorithm to optimize the TOC of a 50-kVA transformer, where binary coding of chromosomes was used and design variables were discrete.
Tamilselvi and Baskar discussed in their paper [15] the application of the covariance matrix adaptation evolution strategy for the TDO of a 400-kVA transformer, minimizing four different objectives. All the design variables used are integer or discrete; however, discrete variables are employed for current densities of LV and HV windings, which would most probably not result in standard conductor dimensions for those windings.
Methodology

Purpose and scope of the study
The purpose of this study is to address the two-step design optimization problem, and in this regard to propose a DTDO method that yields solutions with commercially available or productionally feasible dimensions, thus eliminating the need for the additional efforts of the design engineer to make the theoretical solution a feasible one.
Main technical characteristics of the transformers considered in this study are as follows:
• Three-phase, oil-immersed distribution transformers
• Wound core construction
• Copper foil for low-voltage (LV) and enameled copper round wire for high-voltage (HV) conductors
Minimization of main material cost, manufacturing cost, and TOC are the three objective function options available in the software prepared for this study.
Objective function, design variables, and constraints
The objective function used in this study is to minimize the transformer main material cost as defined with the following formula:
where c j and f j are the unit cost (USD / kg) and the weight (kg) of each component j of the eight main materials listed in Table 1 , and ⃗ x is the vector of the design variables [3] .
The eight design variables used in this study, together with their type and unit of measure, are given below: The DTDO problem must satisfy the following constraints:
• Designed no-load losses must be smaller than guaranteed no-load losses plus tolerance
• Designed load losses must be smaller than guaranteed load losses plus tolerance
• Designed total losses must be smaller than guaranteed total losses plus tolerance
• Transformer impedance voltage must be between a minimum and a maximum impedance voltage plus tolerance
• The total heat produced by the total losses of the transformer must be smaller than the total heat that can be dissipated by the combined effects of conduction, convection, and radiation
• Transformer temperature rise must be smaller than maximum temperature rise
, where lb and ub are lower and upper boundaries on the design variables,
The method given in Chapter 2 of [2] is used for the design calculation of the transformer, which, in our opinion based on our experience in the transformer industry, is the most realistic and complete conventional design method available in the literature, to the best of our knowledge. The method was coded in MATLAB, extended where necessary to cover other power/voltage ratings based on our experience. Mathematical functions of core loss and heat transfer curves were obtained by curve fitting; these mathematical functions are given in Appendix A. A routine was added to calculate the minimum width of the corrugated panel with which the heat produced in the transformer can be dissipated.
Cuckoo search algorithm
The cuckoo search (CS), developed by Yang and Deb [16] , is a swarm intelligence-based optimization algorithm built on brood parasitism of some cuckoo species. The cuckoo reproduction process is described with the following three idealized rules:
• Each cuckoo lays only one egg (solution) at a time and drops it in a nest randomly chosen.
• The best nests with high quality of eggs that are more similar to the host bird's eggs have the opportunity to develop and carry over to the next generation.
• The number of host nests (population) is fixed and a host bird can discover an alien egg (low quality solution) with a probability p a ∈ (0, 1). In such a case, the host bird can either throw the egg away or abandon the nest and build a completely new one in a new location.
It was mathematically proved in [16, 17] that the CS algorithm can satisfy the global convergence requirements and thus has guaranteed global convergence properties.
The pseudocode of the overall optimization algorithm used in this study, comprising CS and the caching method described in Section 3.6, is given in Figure 1 .
There is basically a single key parameter for CS, discovery rate p a , which was suggested as p a = 0.25 in [16] .
The MATLAB code for the constrained optimization version given in [18] is used in this study with enhancements made to handle discrete design variables. It should be noted that the objective function is calculated twice for each iteration in this version of CS.
Parameter tuning of the CS algorithm
The impact of its single key parameter p a on the performance of the CS algorithm was analyzed by conducting parameter tuning studies, and it was observed in general that the algorithm is insensitive to its key parameter for the TDO problem. Therefore, p a = 0.25 is used in this study as suggested in [16] .
Penalty calculation method
A static penalty method is used in this study for no-load and load loss related constraints, and a death penalty is used for impedance voltage and temperature rise constraints. Details of penalty calculation are given in Appendix B. 
Reduction of the number of objective function calculations
Stochastic search is used as the core mechanism in many metaheuristic algorithms, in which random choices are made in the search direction as the algorithm iterates toward a solution. Consequently, it is possible that in an iteration the algorithm may come up with the same set of design variable values used in a previous iteration, therefore for which an objective function calculation has already been made.
In the proposed method, referred to as the caching technique, the set of design variable values as well as the corresponding calculated objective function values are stored in a table. At each iteration, where a new set of design variable values are generated, they are first compared with the table to see if the same set has been used before. If so, the previously calculated objective function value is taken from the table, and hence recalculation of the objective function value is eliminated. Otherwise, calculation of the objective function value is performed.
A hash table, which is a data structure that associates keys with values, is used for implementing the above. The primary operation it supports efficiently is a lookup: given a key (e.g., a person's name), find the corresponding value (e.g., that person's telephone number). It works by transforming the key using a hash function into a hash, a number that the hash table uses to locate the desired value. This hash maps directly to a bucket in the array of key/value pairs, hence the name 'hash map'. The mapping method lets the user directly access the storage location for any key/value pair.
In this study, MATLAB's Map Containers are used to implement hash tables. The key for each iteration is obtained by concatenating design variable values converted to a string by using the num2str function of MATLAB.
Using the caching technique for improving the performance of optimization has been addressed in the literature for evolutionary algorithms, specifically for genetic algorithms and genetic programming.
Impact of using narrow boundary conditions
In almost all constrained engineering problems, boundary conditions, i.e. upper and lower limits of the design variables are defined, which is the case for the TDO problem as well. It is assumed in this study that an experienced engineer would be able to estimate optimum values of the design variables within ± 25% limits. In addition to using the caching technique to reduce the number of objective function calculations, the impact of narrowing boundary conditions has also been investigated in this study.
Computational results and discussion
Technical characteristics and constraints of the transformers studied
Design optimizations were performed for three transformers with the following technical characteristics, in addition to those given in Section 3.1:
• 160, 400, and 630 kVA power ratings (Table 2) • Maximum temperature rise limits as given below:
• Average winding temperature rise 60 K
• Top oil temperature rise 55 K
• Other characteristics in accordance with the standard IEC 60076-1 Tolerances +15% +15% ±10% +10%
For calculation of the main material costs, unit costs given in Table 1 were used.
Performance tests
The main program, objective function calculation routine, and optimization algorithm subroutine were coded in MATLAB 2014a, including the implementation of the caching technique. The user interface of the TDO software is shown in Figure 2 . The software has the feature of exporting all the feasible solutions found during the optimization process to Excel.
Performance tests have been made using a mainstream notebook computer with 2.60 GHz Intel Core i5-3320M CPU and 4 GB RAM, • For the three types of transformers with specifications as given in Section 4.1
• Using the same boundary conditions for all three types of transformers, defined widely apart to handle even a wider range of distribution transformer ratings than those tested
• Using the eight design variables as given in Section 3.2, and alternatively, using the first six design variables only, keeping the last two design variables corresponding to the number of end cooling ducts in the LV and HV windings fixed, since these two variables are very rarely used in the literature
• Without using the caching technique
• With the following generation and population values
• Number of generations: 500, 1000, 1500, 2000
• Population size: 20, 30, 40, 50
• Key parameter value used is as given in Section 3.4
• No stopping criterion was used
• Tests were repeated 20 times
Two measures are defined to evaluate the performance as follows: ε mean is the mean deviation, and ε max is the maximum deviation of multiple consecutive test runs (minimum 10) as compared to the global optimum. Results of the performance tests evaluated in accordance with these criteria are given in Table 3 .
Only the results for the eight design variables case are given in Table 3 since ε mean and ε max values for the six design variables case were all zero, corresponding to global optimum solution for all generation/population size combinations. Following these tests, performance tests were performed for the three types of transformers with both mixed-integer and discrete variable versions of the CS algorithm (for the mixed-integer version, only the number of turns of the LV winding is an integer; all other design variables are continuous) using the first six design variables and with maximum number of generations and population size vales as 1000 and 40, respectively; the tests were repeated 100 times. Statistical results and design variable values for the best solutions are given in Table 4 .
After the above tests, another set of performance tests was conducted in which the caching technique was used, with normal and alternatively narrow boundary conditions set at ± 25% limits of optimum values of the design variables as described in Section 3.7. These tests were performed for 500/30, 1000/40, and 1500/50 maximum number of generations and population size combinations, repeated 20 times for each case, and the results are given in Table 5 .
Evaluation of results
The first set of performance tests showed that 1000/40 maximum number of generations and population size combination is the one with the least number of objective function calculations that yields zero ε mean and ε max performance measures for the eight design variables case. The algorithm yielded global optimum results for all maximum number of generations and population size combinations for the six design variables case.
The performance tests regarding comparison of the mixed-integer and discrete variable versions using 1000/40 maximum number of generations and population size combination clearly showed that the CS algorithm yields very robust results for the mixed-integer TDO problem with an average standard deviation of 0.3; it excels for the DTDO problem with zero standard deviation for all three types of transformers tested, thus verifying that the CS algorithm possesses the guaranteed global convergence property as pointed out in Section 3.3.
The average cost increase of the best DTDO solutions as compared to the best TDO solutions is less than 1%, which is very reasonable.
It should be noted that, for 160-and 630-kVA transformers, the number of turns of the LV winding, an important parameter in transformer design, was decreased for the best DTDO solutions as compared to the best TDO solutions. The impacts of this, such as increase in no-load losses and decrease in impedance voltage, have been offset by decreasing the height of the core window through decreasing the width of the LV conductor. This can be considered as a justification of the well-functioning of the optimization algorithm used.
The performance tests also showed that, with the use of the caching technique, the number of objective function calculations would be reduced by 69% on the average; another 10% reduction is obtained when the caching technique is used together with narrow boundary conditions, without sacrificing the guaranteed global convergence property in both cases. As expected, the rate of reduction in the number of objective function calculations decreases for smaller maximum number of generations and population size combinations, and increases for higher combinations.
Conclusions
In this study, a DTDO method is proposed that yields solutions with commercially available or productionally feasible dimensions, so that they are directly applicable in production. CS is used as the optimization algorithm for the proposed method, which has been mathematically proved that it can satisfy the global convergence requirements.
The results of the performance tests conducted by using three different distribution transformer ratings proved that the CS algorithm yields results with zero standard deviation in a single run for the DTDO problem, in less than 10 s, thus verifying the validity of its guaranteed global convergence property, achieved in a very reasonable time for an optimization run.
The results also showed that feasible solutions are obtained with acceptable cost deviation from theoretically the best solutions found by using the conventional design method.
Use of the caching technique, especially together with narrow boundary conditions, is recommended since it better offsets the disadvantage of the CS algorithm, in which the objective function is calculated twice for each iteration, while still preserving its guaranteed global convergence property.
We are of the opinion that this paper will make an important contribution to the streamlining of the quotation and design processes in the distribution transformer industry as well as standardization of production materials.
